Atopic dermatitis (AD) is one of the common allergic diseases in children. The presence of allergic diseases was found to have association with the risk of developing attention-deficit hyperactivity disorder (ADHD) or autistic spectrum disorder (ASD) in children, but it is still inconclusive. This study was to investigate the longitudinal relationship between AD developed during toddlerhood and subsequent development of ADHD or ASD in later childhood. Toddlers born between 1998 and 2008 and diagnosed with AD at the age younger than 3 years and older than 1 month were retrieved from Taiwan's National Health Insurance Research Database. Ageand gender-matched toddlers with no lifetime AD were enrolled as the control group. All enrolled toddlers were followed until 2011 to identify the development of ADHD or ASD. Multivariate Cox regression analysis was performed to analyze the hazard ratios (HRs). The risks associated with allergic comorbidities were analyzed. A total of 18,473 toddlers were enrolled into the AD group. The presence of AD significantly increased the risk of developing ADHD (HR = 2.92, 95% confidence interval [CI] = 2.48-3.45) or ASD (HR = 8.90, 95% CI = 4.98-15.92) when aged 3 years or older. Children from the AD group with 3 comorbidities together, namely, allergic rhinitis, allergic conjunctivitis, and asthma, had the greatest risk of developing ADHD and ASD (ADHD: HR = 4.67, 95% CI = 3.81-5.43; ASD: HR = 16.65, 95% CI = 8.63-30.60). In conclusion, toddlers who suffer from AD at the age younger than 3 years are at a higher risk of developing ADHD and ASD during later childhood. Pediatricians taking care of toddlers with AD should have knowledge of this increased risk of developing ADHD and ASD later in life, especially when children have certain comorbidities such as allergic rhinitis, allergic conjunctivitis, and asthma.
Introduction
Allergic diseases, including atopic dermatitis (AD), allergic rhinitis, allergic conjunctivitis, and bronchial asthma, are common disorders among children. The prevalence of childhood AD has been noted to be increasing recently and the frequencies have been found to range from 10% to 20%, especially in developed countries. [1] [2] [3] [4] Among chronic childhood inflammatory skin diseases, AD is considered to be the most common. [5] Since severe AD in children creates a burden to themselves, to their families and to society, it has become a serious public health issue across the world. [2, 6, 7] Importantly, AD has been reported to show a high degree of association with other nonallergic disease, including psychiatric and behavior disorders. [2, 8, 9] Attention-deficit hyperactivity disorder (ADHD) and autistic spectrum disorder (ASD) are developmental disabilities affecting children that have also shown an increasing prevalence over recent years. [10] Both ADHD and ASD have a range of impacts on the patients themselves, on their families, and on health services. [11] [12] [13] Although a definite etiology for these diseases is still unknown, [14] [15] [16] neurobiological and genetic factors together with environmental interactions are thought to contribute to disease development. [14, 16, 17] Further investigations into the possible comorbidities of and the potential risk factors related to ADHD and ASD are 2 of the ways that may allow the elucidation of their possible pathophysiology.
The relationship between atopic disease and ADHD/ASD has been investigated for more than 10 years and the findings remain controversial. [1, 9, 15, [18] [19] [20] [21] Nevertheless, the increase in prevalence of and the burden created by atopic diseases over the past decades seems to have paralleled the recent increase in ADHD diagnoses. [1] It is well known that patients with AD have a higher risk of developing other allergic diseases. [7, [22] [23] [24] The presence of a correlation between ADHD/ASD and AD is a strong possibility, [25] but not all investigators agree with this conclusion (Table 1) . [1, 9, 15, [18] [19] [20] [21] [25] [26] [27] [28] [29] [30] [31] [32] [33] Reviewing the latest reports, most of the studies find in favor of a positive association between AD and ADHD/ASD in children, but investigations targeting longitudinal associations are still not being carried out in sufficient numbers. Therefore, the temporal relationship between having AD and the subsequent development of ADHD and ASD during later childhood requires further investigation.
Taiwan's National Health Insurance (NHI) program started in 1995, and its population coverage has been higher than 99% over the last 10 years. [34, 35] The database is a reliable representation of the patterns and longitudinal relationships associated with children's diseases in Taiwan. [20, 27, [36] [37] [38] [39] [40] Although previous reports using this dataset have demonstrated an association between different allergic diseases and ADHD/ ASD, [20, 27, 28, 41] a thorough investigation into the role of early AD during toddlerhood and the subsequent development of ADHD or ASD during later childhood is still lacking.
We hypothesized that AD, when observed in early toddlerhood, will increase the risk of developing ADHD or ASD during later childhood and that the presence of other allergic comorbidities might further increase the risk. Therefore, the main purpose of this study was to analyze the temporal relationship between an early diagnosis of AD in toddlers who are aged 0 to 2 years old and the subsequent development of ADHD or ASD when the individual is aged 3 years and older. In addition, we also investigated the possible exacerbation of this risk by the presence of other allergic comorbidities.
Methods

Data sources
The National Health Institute Research Database (NHIRD) is provided by Taiwan's NHI and consists of comprehensive patient information, including demographic data, disease diagnoses, medication details, visit dates, and physician's specialisms. [34, 35, 37, 40, 42] The patient information is encrypted and deidentified in order to prevent researchers identifying individual data. [42] Many epidemiological studies and longitudinal surveys have been published based on Taiwan's NHIRD. [28, 39, 41, 43] The claims data from the Longitudinal Health Insurance Database (LHID) 2010 of Taiwan's NHIRD were used for this study. The LHID 2010 contains the claims data of 1 million randomly sampled beneficiaries from the 2010 registry of beneficiaries. [34, 42] According to an announcement of the Bureau of the NHI in Taiwan, there is no significant difference in age distribution, gender distribution, or average insured payrollrelated amount between the patients in the LHID 2010 and the original NHIRD. [42] No consent is needed for the use of this data because the data are analyzed anonymously and no personal information can be connected via the database used in this study. This study was approved by the Institutional Review Board of Taipei Veterans General Hospital, Taipei, Taiwan (VGHIRB No.:2013-06-011BC).
Study design
This study was designed as a population-based case-control study.
The diagnoses of each individual's claim data are based on the International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM). To minimize misclassifications and ensure diagnostic validity, we defined that a given diagnosis should be documented at least twice by the corresponding physician or psychiatrist.
Children younger than 3 years old and older than 1 month old with a diagnosis of AD (ICD-9-CM: 691 or 691.8) given by boardcertified dermatologist, pediatrician or rheumatologist and in the absence of any psychiatric disorder (ICD-9-CM code: 290-319) between January 1, 1998 and December 31, 2008, were enrolled into our study as the study group (AD group). The infants of age 0 Table 1 Recently published reports exploring the association between AD and ADHD or ASD.
Authors
Year Design Age (years old) Association to ADHD Association to ASD Temporal association
Solitary studies Bakkaloglu et al [15] 2008 Case-control 2-4 NA Negative À Schmitt et al [32] 2009
Cross-sectional * 6-17 Positive NA À Romanos et al [19] 2010
Cross-sectional *
3-17
Positive NA À Shyu et al [20] 2012
Cross-sectional * 0-17 Negative NA À Tsai et al [27] 2013
Case-control * , ‡ 0-17 Positive NA À Chen et al [28] 2013
Case-control * Children and adults Positive NA À Yaghmaie et al [9] 2013
Cross-sectional 0-17 Positive Positive À Chang et al [29] 2013
Cross-sectional * 3-7 Positive NA À Chen et al [30] 2014
Case-control * 0-2 and follow-up Positive Positive + Genuneit et al [31] 2014
Birth cohort * 0-11 Positive NA + Catal et al [25] 2015
Case-control 3-5 Positive NA À Meta-analysis reports Schmitt et al [1] 2010 Meta-analysis * ,x
Children and adults Positive/negative NA Schmitt et al [33] 2013
Meta-analysis ¶ Children Positive NA Billeci et al [21] 2015
Meta-analysis * , †
Children and adults NA Positive/negative AC = allergic conjunctivitis, AD = atopic dermatitis, ADHD = attention-deficit hyperactivity disorder, ASD = autism spectrum disorder, AR = allergic rhinitis, NA = not available. *
Including investigations on other allergic comorbidities (asthma, allergic rhinitis, or allergic conjunctivitis). † Most of the 18 studies found a positive association, but there were some studies that found an opposite association. ‡ Cases of ADHD had a higher rate of atopic disease than controls. Particularly for AR and AC.
x Comment by Gee et al. Four of the 6 studies that investigated AD and ADHD found a statistically significant positive association. ¶ Including 2 cross-sectional and 2 birth cohort studies.
Lee et al. Medicine (2016) 95:39
Medicine to 1 month were not included because some of their medical claims might be reported as their parents' identification number, and the diagnosis of AD at this age is questionable. Age-and gendermatched children (one case for every patient in AD group) were randomly identified as the control group after eliminating the study case group. Subjects who had been given a diagnosis of AD at any time and those with any psychiatric disorder before enrollment were excluded from the control group. All enrolled subjects were followed up to the end of 2011 or death to allow identification of a diagnosis of either ASD (ICD-9-CM code: 299) or ADHD (ICD-9-CM code: 314), which had to be given by board-certified psychiatrist. Other atopic diseases, including asthma (ICD-9-CM codes: 493, 493.0, 493.1, or 493.9), allergic rhinitis (ICD-9-CM code: 477), and allergic conjunctivitis (ICD-9-CM codes: 372.05, 372.10, and 372.14) were identified as comorbidities and/ or possible confounding factors. The case selection process is demonstrated in Fig. 1 .
Statistical analysis
Statistical Package for Social Science (SPSS, version 21, SPSS Inc., Chicago, IL) and Statistical Analysis Software (SAS, version 9.2, SAS Institute, Cary, NC) were used for data processing and statistical analysis. For the between-group comparisons, independent t tests were used for continuous variables and chisquared tests were used for nominal variables as appropriate. Multivariate Cox regression analyses were performed to investigate the hazard ratios (HRs) with 95% confidence intervals (CIs) of ASD and ADHD after adjusting for the demographic data and the atopic comorbidities. Furthermore, we investigated asthma, allergic rhinitis, and allergic conjunctivitis as atopic comorbidities with AD and explored their effect on the risk of subsequent ASD and ADHD during later life. The aim was to clarify whether there was an additive effect of atopic diseases associated with the development of ASD and ADHD. A 2-sided P value of less than 0.05 was considered statistically significant.
Results
A total of 18,473 toddlers born between 1998 and 2008 and diagnosed as AD at age younger than 3 years and older than 1 month old were enrolled into our AD group, and another 18,473 age-and gender-matched toddlers were enrolled into the control group. The overall mean age at enrollment was 0.78 years old (9.4 months old). The follow-up duration for these individuals ranged from 3 to 13 years. The children with AD showed a higher incidence of developing ADHD (4.94% vs 1.46%, P < 0.001) and ASD (0.99% vs 0.09%, P < 0.001) than the control group during the follow-up period. The mean age of being diagnosed with ADHD was 6 to 7 years old, while that for ASD was 4 years old. The age of diagnosis of ADHD was significantly younger in AD group (P < 0.001) and the time between enrollment and the diagnosis of ADHD was significantly shorter for the AD group than the control group (P < 0.001), but there was no significant difference for a diagnosis of ASD (P = 0.668) ( Table 2) . Additionally, significantly higher rates of a combined diagnosis with another allergic disease, namely asthma at 38.3% vs 17.1% (P < 0.001), allergic rhinitis at 57.6% versus 30.8% (P < 0.001) and allergic conjunctivitis at 31.2% versus 20.0% (P < 0.001), were found for the AD group than the control group ( Table 2) .
The event-free ratios (Kaplan-Meier survival curve) of the enrolled children are shown in Fig. 2 for ADHD and Fig. 3 for ASD. It can be seen that the event-free ratios for both ADHD and ASD dropped markedly when the children with AD were compared to the control group. Furthermore, the event-free ratios dropped most deeply when children of AD had all 3 allergic Other atopic diseases include asthma, allergic rhinitis, and allergic conjunctivitis. Table 2 Demographic data and incidence of ADHD and ASD among children with AD and the control group. 
AD (n
Discussion
Our results support the study hypotheses that AD occurring during early toddlerhood increases the risk of developing ADHD Figure 2 . Event-free ratios for developing attention-deficit hyperactivity disorder among children with atopic dermatitis and other comorbid allergic diseases and among the control group (P < 0.001). AC = allergic conjunctivitis, AD = atopic dermatitis, ADHD = attention-deficit hyperactivity disorder, AR = allergic rhinitis. Figure 3 . Event-free ratios for developing autistic spectrum disorder among children with atopic dermatitis and other comorbid allergic diseases, and among the control group (P < 0.001). AC = allergic conjunctivitis, AD = atopic dermatitis, AR = allergic rhinitis, ASD = autism spectrum disorder. AC = allergic conjunctivitis, AD = atopic dermatitis, ADHD = attention-deficit hyperactivity disorder, AR = allergic rhinitis, ASD = autism spectrum disorder, CI = confidence interval, HR = hazard ratio. * Adjusted for the demographic data as well as allergic comorbidities and atopic dermatitis as a binary variable. † Adjusted for the demographic data and atopic conditions as a categorical variable. Lee 
The relationship between AD and ADHD had been studied over the past decades. Although the results have been inconsistent, most studies have pointed to a positive association between AD and ADHD. [1, 9, 18, 25, 26, 31] In an early study published in 1993, McGee et al [18] reported no significant association between ADHD behavior and a history of allergic disorders and that a diagnosis of ADHD was also not related to a positive skin test or serum IgE levels. In addition, Shyru et al [20] showed that bronchial asthma and allergic rhinitis, but not AD, were the risk factors for ADHD. However, the meta-analyses by Schmitt et al [1, 26, 33] in 2010 and 2013 demonstrated that most investigations indicate a positive association between AD and ADHD. The comment by Gee et al [26] outlined that AD and asthma but not allergic rhinitis are positively associated with ADHD or ADHD symptoms among children and adults. Furthermore, published reports in 2013 and later all have pointed towards a positive association between AD and ADHD ( Table 1 ). In Taiwan, previous reports based on nationwide population-based studies have also supported the hypothesis that the risk of ADHD is increased in patients with allergic diseases, [20, 27] but none of them have focused on the role of AD. The present study reports our investigation of AD diagnosed during the early life of children (< 3 years old) and follows up these individuals for 3 to 16 years. It identifies a significant longitudinal relationship between early toddlerhood AD and later childhood ADHD. Therefore, our study is in agreement with most other reports.
Previous reports on the relationship between AD and ASD have also been inconsistent, although most of them are in favor of a positive association (Table 1) . [9, 15, 21, 30] Bakkaloglu et al [15] reported that allergic features were not frequent in young autistic children. Yaghmaie et al [9] reported that patients with AD had significantly increased odds of having ASD and the severity of AD altered the strength of the association. The meta-analysis by Billeci et al, [30] who reviewed 18 studies, found that the odds ratios for individuals who had AD of developing ASD ranged from 1.52 to 7.17. Our previous study targeting all atopic diseases including AD also found an elevated risk of developing ASD. In this study, we focused on AD and demonstrated that AD is an independent risk factor for the later development of ASD.
The underlying mechanism behind the development of ADHD or ASD in patients with AD remains unclear. In both ADHD and ASD, an association between inflammatory processes and neuropathology is becoming more evident. In ADHD, some specific gene polymorphisms have been reported to have significant connections with the pathogenesis of ADHD. [44] Different proinflammatory cytokines, including interleukin (IL)-2, IL-6, interferon (INF)-gamma, IL-16, IL-10, and IL-13, have been found to be higher in ADHD patients compared to controls. [45] With ASD, investigators have noticed that AD is able to induce mast cell activation, which releases proinflammatory cytokines. [46] Significantly increased levels of IL-6 have also been found in ASD patients and such an elevation in the brains of mice has been shown to mediate autistic-like behaviors. [47, 48] Croonenberqhs et al [49] have also reported that there is an increased production of proinflammatory cytokines in patients with autism. Additionally, increased levels of circulating cytokine levels have been found to be associated with damage to the bloodbrain barrier and such damage may play an important role in the pathogenesis of neuropsychiatric disorders. [50] All of these investigations and findings imply that early childhood inflammatory processes may play an important role in the later development of ADHD or ASD. Although our study has demonstrated the temporal relationship between early AD and the later development of ADHD/ASD, further studies are required to elucidate a definitive causal-effect relationship.
The presence of allergic comorbidities in addition to AD itself seems to further increase the risk of ADHD or ASD. In the report of Shyru et al, [20] it was found that although AD was not an independent risk factor for the development of ADHD, a combination of different allergic diseases was able to significantly increase the risk of ADHD. Our previous study demonstrated that there is a dose-dependent relationship between suffering from more atopic comorbidities and an increased risk of developing later ADHD or ASD compared to children who have never been diagnosed with any type of allergic disease. Furthermore, the HRs of children with 4 allergic diseases (asthma, allergic rhinitis, allergic conjunctivitis, and AD) were 2.25 (2.09-3.07) for ADHD and 4.29 (2.25-8.19 ) for ASD. [30] The present study used children who had never been diagnosed as AD as the control group and we found that a combination of 4 allergic diseases had the highest HRs (4.67 for ADHD, and 16.25 for ASD, P< 0.001). Further investigations to clarify the pathogenic role of AD in ADHD and, specifically, ASD, are necessary.
There are some limitations in the present study. Firstly, the diagnoses of AD and other allergic diseases may be overestimated. However, the fact that we had set the identification criteria for AD cases as having at least 2 diagnoses ought to minimize this problem. Secondly, the incidence of ADHD or ASD may be underestimated because only those who have sought medical help are able to be identified as part of our study. Thirdly, the severity of AD was not taken into account during the present analysis because such information is not included in the claims data of Taiwan's NHIRD. Similarly, the role of family history, personal lifestyle, and/or environmental factors cannot be obtained from a claims data. Therefore, this study has focused on analyzing the longitudinal relationship between AD and ADHD/ASD based on diagnosis by a physician and compared the AD group to a control group who had a similar situation in terms of possibility of diagnosis.
The strength of the present study is that it is a nationwide study, so great number of patients was enrolled, the difference of local districts could be minimized, and the statistical power was strong. Furthermore, the longitudinal design of this study clarified the temporal relationship between early toddlerhood AD and later childhood ADHD or ASD. Therefore, the findings of this study possess important clinical implication.
Conclusion
Toddlers who suffer from AD at the age younger than 3 years are at a higher risk of developing ADHD or ASD during later childhood. Pediatricians taking care of toddlers with AD should have knowledge of this increased risk of developing ADHD or ASD later in life, especially when children have allergic rhinitis, allergic conjunctivitis, and/or asthma as comorbidities.
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